Diverse microbial consortia profoundly influence animal biology, necessitating an understanding of microbiome variation in studies of animal adaptation. Yet, little is known about such variability among fish, in spite of their importance in aquatic ecosystems. The Trinidadian guppy, Poecilia reticulata, is an intriguing candidate to test microbiome-related hypotheses on the drivers and consequences of animal adaptation, given the recent parallel origins of a similar ecotype across streams. To assess the relationships between the microbiome and host adaptation, we used 16S rRNA amplicon sequencing to characterize gut bacteria of two guppy ecotypes with known divergence in diet, life history, physiology and morphology collected from low-predation (LP) and high-predation (HP) habitats in four Trinidadian streams. Guts were populated by several recurring, core bacteria that are related to other fish associates and rarely detected in the environment. Although gut communities of lab-reared guppies differed from those in the wild, microbiome divergence between ecotypes from the same stream was evident under identical rearing conditions, suggesting host genetic divergence can affect associations with gut bacteria. In the field, gut communities varied over time, across streams and between ecotypes in a stream-specific manner. This latter finding, along with PICRUSt predictions of metagenome function, argues against strong parallelism of the gut microbiome in association with LP ecotype evolution. Thus, bacteria cannot be invoked in facilitating the heightened reliance of LP guppies on lower-quality diets. We argue that the macroevolutionary microbiome convergence seen across animals with similar diets may be a signature of secondary microbial shifts arising some time after host-driven adaptation.
Introduction
Bacteria play a fundamental role in animal biology, and recent work has revolutionized our understanding of how these ubiquitous organisms affect their hosts' development, physiology, ecology and evolution (Zilber-Rosenberg and Rosenberg, 2008; Lee and Mazmanian, 2010; Semova et al., 2012; Tremaroli and Backhed, 2012; McFall-Ngai et al., 2013) . Across mammalian species, host phylogeny and diet correlate with the structure and diversity of gut bacterial communities (Ley et al., 2008) . The concordance of gut microbiota and host phylogeny suggests hostderived factors can strongly shape the taxonomic composition of the gut microbiome (Rawls et al., 2006; Franzenburg et al., 2013) , whereas dietary correlations reflect, partially, the importance of gut bacteria in the use of different foods. Yet, the types of consumed foods can mediate the influence of host-derived genetic factors on gut microbiota (Kashyap et al., 2013) . Disentangling the influence of diet and host genetics in determining the composition of the gut microbiota remains an important challenge for understanding how hosts and their gut symbionts interact to shape the vast diversity in trophic strategies that so profoundly shape ecosystem structure and function.
Just as microevolutionary processes have been extrapolated to yield insight into macroevolutionary patterns (Kinnison and Hendry, 2001; Reznick and Ricklefs, 2009 ), studies of how gut communities vary among extant populations within a species can lend insights into the role of host genetic factors and trophic ecology in driving known interspecific patterns in gut microbiomes (Ley et al., 2008; Ochman et al., 2010) . The positive relationship between host genetic and gut microbial divergence within mammalian species suggests an influence of host genotype on intraspecific gut microbiome variation (Zoetendal et al., 2001; Hildebrand et al., 2013; Linnenbrink et al., 2013) . However, diet may also rapidly alter the gut microbiota (David et al., 2014) in ways that can be influenced by sex or host genetic background (Kashyap et al., 2013; Bolnick et al., 2014b) . Through understanding how genes and the environment interact to structure gut communities, we stand to gain key knowledge on the potential for host-symbiont coevolution and the factors driving holobiont biodiversity. Furthermore, through studies of microbiome variation across intraspecific dietary gradients, we can ascertain whether macroevolutionary dietary correlations often originate because of symbiont-driven trophic diversification (see Hosokawa et al., 2007 and Chu et al., 2013 for examples in insects).
Although most research on vertebrate gut microbiota has focused on mammals, ray-finned fish are far more diverse, making up half of all living vertebrate species (Nelson, 2006) . Fish were among the earliest jawed vertebrates to evolve many adaptive immune features that are hallmarks of mammalian systems (Flajnik and Du Pasquier, 2004) and, thus, the known interplay between immunity and mammalian gut bacteria (Hooper et al., 2012) suggests the potential for similar symbioses in rayfinned fish. Fish gut bacteria are generally related to animal-associated microbes, and marine herbivorous fish harbor communities that resemble those of other vertebrates, including gut-fermenting mammals (Mountfort et al., 2002; Sullam et al., 2012) . Although community composition across fish species shows correlations with habitat salinity and feeding ecology (Ringø and Strøm, 1994; Ringø and Olsen, 1999; Sullam et al., 2012) , a small number of recent surveys have provided glimpses into intraspecific variation in fish gut bacteria and have indicated that there are differences across more distantly related individuals and sampling locations and a sex-dependent effect of diet on gut microbiota (Wilson et al., 2008; Roeselers et al., 2011; Navarrete et al., 2012; Bolnick et al., 2014b) . Overall, however, there are relatively few studies about fish gut microbiota, leaving open many questions regarding the symbiotic component of fish biodiversity.
Here, we explore the role of environmental, diet and host genetic factors in determining the gut microbiota of a vertebrate model system for rapid evolution in nature, the Trinidadian guppy (Poecilia reticulata). Guppies in Trinidadian streams are typically categorized into two different, predator regime-driven ecotypes (Magurran, 2005) . In downstream, high-predation (HP) habitats, a diverse predator community preys upon guppies, whereas barrier waterfalls greatly reduce upstream predator dispersal and, thus, predation threats for guppies in the low-predation (LP), headwater stream habitats.
Because various life history, sexually selected, morphological and physiological traits have evolved in parallel in different streams, P. reticulata serves as an important model system for studies of natural ecotype evolution in response to comparable ecological gradients Ghalambor et al., 2004; Torres Dowdall et al., 2012; Handelsman et al., 2013) . In addition to these attributes, HP and LP ecotypes also diverge in trophic ecology, and HP guppies eat significantly more invertebrates than their derived LP counterparts that consume more detritus and diatoms (Zandonà et al., 2011) . Dietary differences have also been observed in commongarden settings (Bassar et al., 2010) and appear related to differences in gut morphology and physiology (Sullam et al., 2014) . Combined with known roles for microbial symbionts in dietary utilization and processing (Semova et al., 2012) , this raises the expectation that HP and LP guppies may have undergone parallel changes in their gut microbiomes should bacterial shifts be integral to shifts in host diet. Such microbiome divergence could also occur if diet has a strong, proximate impact upon gut communities.
To better understand the variation in natural guppy gut communities and the potential for microbial roles in guppy divergence and adaptation, we utilized amplicon pyrosequencing of bacterial 16S rRNA genes from HP and LP guppies across populations from four streams. We sampled two of the streams across 2 years, enabling an assessment of the temporal stability of microbiome divergence within some populations. Comparisons of gut communities of field-caught fish to those reared in the lab on different diets and to communities from surrounding aquatic habitats were performed to yield further insight into the stability and origins of gut microbiota. Our results contribute the first glimpses into both the symbiotic component of this important evolutionary model and the nature of intraspecific microbiome variation in fish across multiple scales.
Materials and methods

Field collections
Our study consists of data from two field surveys and one dietary manipulation experiment. Both field surveys were conducted during the dry seasons in 2010 and 2011, respectively, and took place in mountain streams in the Northern Range of Trinidad, West Indies (Supplementary Table 1 ). The 2010 field survey was carried out to assess gut bacterial diversity across streams and guppy populations; from 20 April through 2 May 2010, 40 Trinidadian guppies were collected from previously categorized HP and LP habitats El-Sabaawi et al., 2012 ) that tend to differ in a number of ecosystem characteristics, including canopy coverage and primary productivity (Grether et al., 2001 ).
Guppies from the two different habitat types can be divided into HP and LP ecotypes based on welldocumented trait differences (Endler, 1995; Reznick and Bryga, 1996) .
Protocols for collection and processing of wild guppies (2010 and 2011) were approved by Institutional Animal Care and Use Committee 18560 at Drexel University. In brief, we collected guppies with butterfly nets, starving them for 8-12 h in ambient stream water before killing with MS-222 (Sigma, St Louis, MO, USA) in order to decrease the probability of sampling transient bacteria introduced with dietary items (see Supplementary Text for details regarding sample collection and storage). In each of the four streams sampled in 2010, LP guppies were collected from one upstream (LP) site, whereas HP guppies were obtained from one downstream (HP) site, generating eight sites and populations, in total. Targeted streams, which were tributaries of the below-named rivers, included three drainages on the southern slope of the Northern Range: the Aripo and Guanapo Rivers, which are part of the Caroni drainage, and the Quare River, which is part of the Oropouche drainage. The fourth stream sampled was the Marianne, which is part of a separate drainage and found on the northern slope of the Northern Range, where guppy populations are estimated to have diverged from south slope populations several hundred thousand years ago (Willing et al., 2010) . All guppies collected were adult females with a standard length 415 mm and did not differ significantly in standard length across sites. An additional 10-15 female guppies were collected from each site in 2010 for gut length analysis.
During the 2011 survey (27 March to 6 April 2011), an additional three guppies were collected from the LP and HP Aripo and Guanapo sites. These collections complemented those from 2010 and allowed for a temporal assessment of guppy gut microbiome stability over the span of 1 year. The 2011 Aripo HP site differed slightly from the 2010 Aripo HP site in that it was B750 m downstream from the 2010 locale, while the 2011 Guanapo HP and LP sites were the same as in 2010. An additional HP site (HP2) in the Guanapo was also added to the 2011 survey and was located B5 km downstream from the 2010 HP site. Three to four environmental samples (sediment and water) were collected from each of the Guanapo sites in 2011 to compare gut microbial communities with those of the ambient environment. For the environmental samples, Guanapo stream water was filtered through individual 25 mm diameter filters with 0.2 mm pore size Whatman Nuclepore Track-Etched Membranes (GE Healthcare, Piscataway, NJ, USA) using Sterile 60 cc Luer Lock Tip syringes (BD, Franklin Lakes, NJ, USA). Filters were subsequently cut into small pieces with sterile scissors before DNA extraction. Sediment samples were also taken from the three Guanapo sites by collecting B0.5 g of fine benthic organic matter/sediment from the streambed using a small hand scoop.
Dietary experiments
A subset of live guppies collected from Aripo HP and LP sites in 2011 were transported to Cornell University for a dietary manipulation study approved under Institutional Animal Care and Use Committee protocol 2008-0106 at Cornell University. In this experiment, 64 LP and HP guppies were randomly assigned to 16 tanks and fed a predominately spinach or brine shrimp diet. These diets roughly reflect the highly detrital and algal diet of LP guppies and invertebrate diet of HP guppies, previously found in the Aripo and Guanapo Rivers (Zandonà et al., 2011) . A subset of reared females (n ¼ 14), each from a separate tank, was analyzed for gut microbes, whereas the remaining fish were analyzed for enzyme activities in another study (Sullam et al., 2014) . Diet manipulations commenced on 7 June 2011 and proceeded for 10 weeks. Guppies were fed equal calories of the two diets (that is, 1.6 Â more spinach diet by dry mass) at a level in excess of estimated daily caloric demands (Reznick, 1983) , so that fish on the invertebrate diet received B6% more protein and 200% more lipids than fish on the spinach diet, whereas those on the spinach diet had 340% more carbohydrates than those on the invertebrate diet (Sullam et al., 2014) .
DNA extraction and sequencing
Whole guts of individual guppies, which are each composed of a simple tubular digestive tract, were dissected with sterile instruments and then washed in 70% ethanol and sterile water before DNA extraction to help eliminate transient bacteria. DNA from these guts, plus that from sediment and water samples, was extracted separately with the MO BIO (Carlsbad, CA, USA) Power Soil Kit following the manufacturer's protocol. An additional 10 min at 65 1C heating step was performed after the addition of lysis buffer for all but the dietary manipulation samples. Bacterial tag-encoded FLXtitanium amplicon pyrosequencing (bTEFAP) of 16S rRNA amplicons was then carried out on our DNA samples at Research and Testing Laboratories (Lubbock, TX, USA) using the following primers: 104F (5 0 -GGCGVACGGGTGAGTAA-3 0 ) and 530R (5 0 -CCGC NGCNGCTGGCAC-3 0 ). The resulting sequencing data have been submitted to NCBI SRA under Bioproject PRJNA259592.
Data analysis
Acacia (version 1.52; Bragg et al., 2012) was used to error-correct the amplicon 454 pyrosequencing reads with an average quality cutoff score of 30. The output from Acacia was then de-multiplexed using QIIME. The QIIME pipeline was followed with default parameters (Caporaso et al., 2010) using version 1.7 unless otherwise noted. Briefly, these steps included excluding sequences with any primer errors or more than one base pair error in the barcode, removing barcodes, truncating the sequences at the reverse primers, picking operational taxonomic units (OTUs) with UCLUST at 0.97 similarity, and aligning OTU reference sequences against the Greengenes reference alignment. Chimera checking was performed using ChimeraSlayer. Because sequences were aligned against a template file, regions of the 16S rRNA alignment were filtered according to the Greengenes Lane Mask (DeSantis et al., 2006) . After filtering out low-quality sequences, chimeras, chloroplasts and sequences not classifying to bacteria, 234 725 of the original 462 193 amplicon reads remained. These sequences were classified using UCLUST with noted exceptions (see Supplementary Text for details). The phylogenetic tree, which was used for unweighted and weighted UniFrac analyses, was constructed in QIIME 1.8 using RAxML (Stamatakis et al., 2005) . Because 97% OTU clusters can mask important within and between sample diversity (Eren et al., 2013; Sanders et al., 2014) , we further examined genotype/strain variation within 97% OTUs among sampling sites and treatments (see Supplementary Text for analysis).
We used PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States, version 1.0.0), to predict metagenome function based on 16S rRNA sequences using a database of reference genomes (Langille et al., 2013) . To prepare our data for PICRUSt analysis, we performed closed-reference 94% OTU picking against the Greengenes database released May 2013, after finding that many reads were not classified to existing 97% OTUs, thus marking large portions of our libraries for exclusion. After 94% OTU assignment, libraries were rarefied to 800 reads per sample. Subsequent analyses focused only on wild samples because 5 of the 14 lab fish libraries had o800 reads per library after closed-reference OTU picking. OTUs from wild guppies were normalized for predicted 16S rRNA copy number before predicting gene family abundance for each metagenome based on KEGG orthology groups (KOs) using the Kyoto Encyclopedia of Genes and Genomes (Kanehisa et al., 2012) .
To assess the likely accuracy of the PICRUSt analysis, the Nearest Sequenced Taxon Index was calculated. This index indicates the average divergence between each 16S rRNA read within an OTU and the 16S rRNA gene of the closest reference organism with a sequenced genome. The average Nearest Sequenced Taxon Index values for our gut libraries (0.10±0.04) suggests comparable predictive accuracy for our communities as those achieved for mammalian guts and salamander skin (Langille et al., 2013; Loudon et al., 2014) . In a second quality check, we found that after closed-reference 94% OTU assignment, our communities still showed strong taxonomic resemblance to those of our complete data set as seen in Figure 1 (data not shown). Combined, these analyses suggested fairly high accuracy of subsequent functional predictions.
Statistical analyses
The 97% OTU table derived through the QIIME pipeline was rarefied to 800 reads per sample before the calculation of four different distance matrices used to analyze community similarity. Unweighted and weighted UniFrac distance matrices (Lozupone and Knight, 2005) , which use phylogenetic information to calculate community similarity, were produced through the QIIME pipeline. To compare community similarity based on presence/absence of OTUs, the Jaccard index was used, and to compare community similarity based on OTU abundance, the Bray-Curtis dissimilarity matrix was made with Hellinger transformed data (Oksanen et al., 2013) . Different principal coordinates were derived from the four different distance measurements. Analysis of variance was run on distance-based redundancy analyses using the four different principal coordinate values (Legendre and Anderson, 1999) , and P-values were calculated for model attributes based on 9999 random permutations of all principal coordinates. All distance-based analyses and statistical tests on PICRUSt output (discussed below) were performed in R (v3.0.1; R Development Core Team, 2013). We also classified gut communities into partitions or 'enterotypes' using the function cascadeKM in vegan (Oksanen et al., 2013) on the rarified abundance matrix, and the CalinskiHarabasz criterion was used to evaluate the optimal number of partitions.
Network analyses were performed in QIIME and visualized using Cytoscape version 3.0.2 (Shannon et al., 2003) using the edge-weighted spring embedded algorithm to display the OTUs and sample nodes (Ley et al., 2008) . A heatmap was constructed with all OTUs that had Z500 reads represented in the entire dataset using heatmap.2 in R. The dendrogram of the samples shown in the heatmap was created with Ward's hierarchical clustering of bacterial communities in hclust with sequence libraries rarefied to 800 reads per sample. OTUs were deemed to belong to the 'core' set if they were found within Z50% of samples. Core sets were identified separately for the wild HP and LP fish as well as environmental samples. To better understand the lifestyles and origins of core gut bacteria, we retained the habitats of the three closest BLASTn hits (analyses performed on 24 September 2013) of each core OTU from gut and environmental samples. BLASTn hits were counted just once for each category (LP, HP and environment) in cases where multiple OTUs from a single category gave the same hit. Using this approach, we retained and characterized 81 unique hits for environmental core OTUs, 22 unique hits for HP guppy core OTUs and 33 unique hits for LP guppy core OTUs, with 11 hits shared between ecotypes.
We investigated whether the most prevalent OTUs (that is, those present in more than 12/80 samples and represented by Z300 reads in the entire data set) differed in abundance across streams, ecotypes and years in the wild and across treatments in the dietary manipulation. To achieve this, either Kruskal-Wallis tests (for comparisons between 42 groups) or nonparametric t-tests (for comparisons between two groups) were used with QIIME's group significance script (version 1.8) on OTU tables rarefied to 800 reads per sample. We also used Kruskal-Wallis tests on gene function from PICRUSt outputs (that is, % of the predicted metagenome made up by a given KEGG functional module) to compare differences between ecotypes, streams and enterotypes, while accounting for year. All multiple comparisons were corrected with the Benjamini-Hochberg false discovery rate method.
Results
Wild guppy gut bacterial communities Gut bacterial surveys from across the four targeted streams revealed modestly diverse gut communities among the sampled wild fish compared with communities from water and sediment (Supplementary Figure 1) . Gut communities showed a fairly high degree of interindividual variability, even within populations, yet a number of trends were evident at broader scales (Figure 1 ). For instance, guppies from the Marianne were mostly unique in their enrichment for Fusobacteriales, accounting for over 50% of the reads in 8/10 samples. In addition, guppies from the Guanapo harbored large proportions of Mycoplasmatales across two years (2010 and 2011), whereas Aripo fish showed enrichment for these bacteria mostly in 2011. Many other fish had a high prevalence of Proteobacteria in their gut bacterial communities, including Quare guppies and Aripo LP guppies from 2010 (5/10 and 5/5 with Z50% Proteobacterial prevalence, respectively). Several different Proteobacterial orders showed high prevalence, with those from the Vibrionales and Aeromonadales being the most predominant.
Principal coordinates plots and statistics based on four different b-diversity metrics all showed differentiation among bacterial communities across streams, while further suggesting important stream Â ecotype interactions. Effects of ecotype by itself were contrastingly subtle, although significant, varying mostly in a stream-dependent manner (see Table 1a for Bray-Curtis and unweighted UniFrac statistics; see Supplementary Table 2a for the Jaccard index and weighted UniFrac statistics; see Supplementary Figure 2 for principal coordinates analysis plots). Accordingly, several OTUs from the Firmicutes, Fusobacteria, Proteobacteria, Spirochaetes or Tenericutes varied in relative abundance across streams and years, yet we could not identify 97% OTUs driving differences between HP and LP ecotypes from across the four streams (Supplementary Table 3 ). We did observe genotypic, or strain, variation of two dominant OTUs across sites/populations, suggesting cryptic diversity invisible to analyses on more traditional 97% OTU delineations (Supplementary Figure 3,  Supplementary Table 4) . However, these patterns did not differentiate LP vs HP guppies in a consistent fashion.
Guppy gut bacterial community 'enterotype' groupings defined at the 97% OTU level (Figure 2 and Supplementary Table 5 ; discussed further below) also did not appear to be driven by ecotype, except for fish within the dietary manipulation that separated exclusively into LP and HP enterotypes in accordance with patterns seen at higher taxonomic levels (Figure 1) . Groupings of wild fish showed mostly stream-specific patterns, due largely to frequent classification of Guanapo samples into enterotype 4 and of Marianne samples into enterotype 1. Temporal differences were also evident for guppy gut communities (Figures 1  and 3a) , including their enterotype assignments, with an increased proportion of Aripo fish bearing enterotype 4 communities in 2011 (Supplementary Table 5 ).
To investigate the relationship between diet and gut bacteria, we measured gut length of HP and LP ecotypes from the four sampled 2010 streams as a proxy for diet (Zandonà, 2010) . HP populations in all of the streams except the Quare had significantly shorter guts than LP populations, as predicted based on prior findings of increased detritus and algae consumption by LP guppies (Supplementary Figure 4) (Zandonà, 2010 ). Yet, there was no correlation between gut microbial community composition and size-standardized gut length, consistent with the absence of LP versus HP community types when viewed across streams.
Guppy gut microbial communities from the dietary manipulation
After 10 weeks on controlled diets, HP and LP fish exhibited distinct gut bacterial communities regardless of their experimental diet (Figures 1 and  3b ). All four community composition metrics revealed a significant impact of ecotype on gut bacterial communities, whereas three of four metrics suggested a significant effect of diet and a diet by ecotype interaction effect on gut community composition (see Table 1b for Bray-Curtis and unweighted UniFrac analyses and Supplementary  Table 2b for the Jaccard index and weighted UniFrac results). Discrepancies among b-diversity metrics were supported by visual trends (Figure 1) , suggesting that dietary plasticity in HP guppies was largely a function of shifting bacterial relative abundance between the two dietary treatments, and ecotype differences were more clearly the result of presence/absence effects driven by Entomoplasmatales (HP) versus Spirochaetales (LP) bacteria.
Analyses of individual OTUs (t-tests; Supplementary Table 3 ) accordingly showed that ecotype differences in lab experiments were driven by OTUs classified to the Entomoplasmatales and the genus Spirochaeta, although no OTUs varied significantly among dietary treatments for HP or LP guppies. Hierarchical clustering revealed a clear distinction among lab HP and LP communities (Figure 2 ), which were assigned to two distinct and exclusive lab enterotypes each comprising communities from both dietary treatments. 
Trinidadian guppy gut microbial communities KE Sullam et al
Although gut communities of lab-reared fish differed greatly from those in the wild (Figure 1 ), the two most dominant OTUs in lab populations were found in some wild fish and showed weak tendencies to naturally associate with the same ecotypes they dominated in the laboratory.
The core gut microbiome HP fish had 15 core OTUs present in over 50% of wild samples, whereas LP guppies had a core set of 14 OTUs. Six of these overlapped between HP and LP guppies. Environmental samples had a core set of 28 OTUs, none of which overlapped with guppy Figure 2 Bacterial community composition and enterotype groupings in relation to 97% OTU distributions. A heatmap is shown for all OTUs with over 500 reads in the whole data set. The phylum associated with each OTU is listed above, and the asterisks indicate dominant OTUs that appear to be driving enterotype groupings (Supplementary Table 5 core microbes. By analyzing the top three BLASTn hits of the core guppy OTUs, we found that B40% of all unique top hits for LP and HP guppies matched with bacteria derived from other, non-guppy fish guts, in contrast to BLAST results for environmental samples (Figure 4a and Supplementary Table 6 ). Certain core gut microbiota were enriched in the guts of wild guppies, depending on stream, including (1) a Tenericutes bacterium from the Mycoplasmataceae family (OTU 2023) in the Guanapo, 2011 Aripo and a few Quare LP fish, (2) Cetobacterium somerae from the Fusobacteriaceae (OTU 4447), in Marianne fish; and (3) a Proteobacterium in the Aeromonadaceae family (OTU 5998) that dominated 2-3 fish from each the Quare, Marianne and Aripo streams. Each of these dominant OTUs had a close BLASTn hit in the GenBank database to bacteria from the guts of other fish species.
Comparison of environmental versus guppy gut bacteria Gut bacterial communities were distinct from bacterial assemblages in both water and stream sediments, and only 5% of all OTUs were found in both guppy guts and the environment (Figure 4b ). As mentioned above, core microbes from guppy guts were distinct from core microbes of environmental samples; however, two of the six dominant guppy OTUs were found in the environment at relatively low abundances (making up 0.14-1.49% of reads in 5 of 14 environmental samples). To examine whether guts from sites within the Guanapo were enriched with environmental bacteria more abundant in that site, we ran Kruskal-Wallis tests for each OTU found in both environmental and gut samples from our 2011 Guanapo survey, finding no significant differences in sampling sites when stratified according to sample type (environment or guppy gut). Therefore, the abundance of certain OTUs in guppy guts did not correlate with their abundance in the environment. Furthermore, the significant interaction between sampling type and site location indicates that within each sampling site, gut and environmental samples differ (Supplementary Table 7 ). Finally, network diagrams showed that guppy gut communities were no more similar to environmental bacteria from the same versus different Guanapo sites (Supplementary Figure 5) . Combined, these findings reveal little evidence for a strong interplay between microbes in guppy guts and the environment.
Functional analysis
PICRUSt assignment of predicted metagenome content to Level 2 KOs suggested no significant functional differences between HP and LP ecotypes after correction for 39 multiple comparisons. However, almost all functional categories differed significantly among enterotypes (Figure 5 ), including KOs of likely symbiotic importance such as carbohydrate and amino-acid metabolism, vitamin biosynthesis and the degradation of xenobiotics.
Discussion
Drivers of natural microbiome composition
To assess the diversity of the gut microbiome in Trinidadian guppies, we sequenced bacterial 16S rRNA genes from whole guts of LP and HP ecotypes Table 7) , although the stream effect was weak. Principal coordinates analyses (PCoAs) shown were generated from unweighted UniFrac distances, and PCoA 3 shows the strongest correlation with yearly variation. (b) Principal coordinates of guppy gut bacterial community similarity from experimental dietary treatments based on Bray-Curtis distances. Shape indicates treatment diet (invertebrate-or spinach-based diet) and color indicates guppy ecotype (HP or LP). Note that there are two overlapping LP spinach data points at (0.36, À 0.17). Analyses of Bray-Curtis distances indicate a clear effect of ecotype on gut community composition. Subtle, yet significant, effects included both experimental diet and an ecotype by diet interaction (Table 1) because of a dietary difference in bacterial communities within HP but not LP guppies.
Trinidadian guppy gut microbial communities KE Sullam et al from each of four streams, finding interindividual variation at the phylum, 97% OTU and strain levels. Although we found notable intrasite variation, we also detected community differences between streams and habitats at each of these taxonomic scales, implicating local environmental or host genetic attributes as drivers of microbiome differentiation.
Previous research has identified significant genetic divergence based on single-nucleotide polymorphisms between guppies from different streams and the HP and LP sites contained within (Willing et al., 2010) , with Marianne populations being the most divergent among those sampled here. Therefore, the pronounced divergence of gut microbial communities from Marianne guppies suggests some impact of host relatedness on microbiome similarity. Although selection could play a role in these patterns, they are also consistent with neutral evolutionary processes affecting host genes that shape gut microbial composition. Microbiome differences between lab-reared Aripo HP and LP guppies consuming the same diets in identical laboratory conditions further suggest that genetic divergence affects microbiome differences. However, because the fish used in our experiments were born in the wild, we cannot rule out the effect of plasticity stemming from early-life experience in nature.
In other systems ranging from hydra to fish and mice, closely related hosts harbor more similar microbial communities than do more distantly related individuals (Zoetendal et al., 2001; Friswell et al., 2010; Navarrete et al., 2012; Faith et al., 2013; Franzenburg et al., 2013) . The ongoing discovery of particular loci that shape the gut microbiome in model organisms (Benson et al., 2010) presents an intriguing target for future studies across animal systems in both the lab and field. Such host encoded genes may affect aspects of host physiology or immunity, as illustrated by the recent finding that the types and diversity of major histocompatibility Figure 4 Relationships between guppy gut microbes and those from other habitats. (a) Closest relatives of core bacterial OTUs. Core OTUs were separately identified for LP fish (14 OTUs), HP fish (15 OTUs) and environmental (28 OTUs) samples when they occurred in 450% of the samples from one of these categories. Each OTU was then searched using BLASTn against the NCBI database and its three closest hits were categorized based on their environment of isolation, and proportions of these categories are shown. (b) Network analysis of all gut microbes derived from guppies and environmental samples. Square nodes correspond to 97% OTUs, with colors indicating whether these were found in one or more samples. Purple reveals the OTUs found in both gut and environmental samples. Black symbols correspond to guppy gut (lab vs field) vs environmental (water and sediment) samples.
complex alleles are related to the composition and diversity of gut bacteria in freshwater stickleback fish (Bolnick et al., 2014a) . Differences in these or other genetic attributes among guppy individuals and populations could be key to understanding the causes of their microbiome divergence.
Although host genetics and population divergence appear to be of some importance in the guppy system, populations showed some overlap in their gut communities, possibly suggesting incomplete population divergence in relevant genetic factors that control gut microbiota. Furthermore, population-level microbiome signatures did not appear fixed, as the microbiomes of Aripo guppies shifted in composition across just a single year. Guppies have been shown to exhibit rapid, local adaptation in response to transplantation in Trinidadian streams, including shifts in some traits such as age at maturity within only 4 years (Reznick et al., 1997) . Although this timescale is longer than that observed here, a role for shifting host genotype in microbiome alterations could still possibly extend from impacts of genes involved in immunity, as such genes are often under strong positive selection (Yang and Bielawski, 2000) .
Another conceivable source of microbiome differentiation is the availability of specialized gut bacteria in the surrounding aquatic habitat. Although there was minimal overlap between environmental and gut microbes, a few dominant OTUs from guppies were found at very low abundance in the environment, suggesting that environmental pools of bacteria are involved in seeding guppy guts. Colonization from the surrounding environment is thought to be one of the primary mechanisms of microbiota acquisition for fish (Nayak, 2010) , and is found in many other animal-microbe symbioses, including the Hawaiian bobtail squid and their luminescent Vibrio fischeri symbionts. In that system, V. fischeri are found at very low abundances in the surrounding aquatic habitat (o0.1% of bacterioplankton), yet exclusive colonization of squid light organs is achieved through specific mechanisms employed by both symbionts and hosts (Nyholm and McFall-Ngai, 2004) . Although Trinidadian guppies likely acquire their symbionts from their environment, we found no correlations between gut and environmental bacterial OTU abundance from the same location when examined across Guanapo stream sites. However, the few reads of guppy gut microbes found among environmental sequence libraries and our limited sampling design hinder our abilities to completely rule out effects of environmental abundance and priority effects in governing the variation in gut communities over space and time.
Among the remaining candidate drivers of microbiome divergence are a myriad of other temporally and spatially varying factors, including various environmental conditions, host immunological history and overall host physiological condition (Clemente et al., 2012) . Research that takes these and the aforementioned factors into account will be important in pinpointing the sources of natural variation, enabling a better understanding of how the complex trait of the gut microbiome is mediated by host genetics, the environment and their intersection (Benson et al., 2010) .
The functional implications of variable gut communities
The distinct community enterotypes we found in guppies were defined largely by the dominance of a single, distinguishing 97% OTU. The recurrence of such enterotypes, combined with our findings of additional core bacteria in a majority of HP or LP guppies, suggest the guppy gut is strongly selective, resembling selectivity demonstrated in zebrafish guts (Rawls et al., 2006) . In addition, we found guppy core gut bacteria to be closely related to microbes from other fish, suggesting that such selectivity often favors microbes that have specialized, for some time, on a symbiotic lifestyle.
While there is some debate on the discrete and permanent nature of enterotypes within the human literature (Arumugam et al., 2011; Wu et al., 2011; Huse et al., 2012; Rajilić-Stojanović et al., 2013) , our functional predictions of metagenome content suggest that differing community types in the guppy system have inherent functional differences. For instance, guppies categorized to enterotype 1 were estimated to have the greatest relative proportion of their metagenomes devoted to vitamin biosynthesis. Interestingly, the bacterium characterizing enterotype 1 was classified as Cetobacterium somerae, a B-12 vitamin-producing, obligate anaerobe found in several freshwater fish including zebrafish, goldfish, carp, tilapia and ayu (Sakata et al., 1981; Sugita et al., 1991; Tsuchiya et al., 2008; Roeselers et al., 2011) . Other functional differences between enterotypes found in our study, including carbohydrate and amino-acid metabolism, are of likely nutritional or digestive relevance to guppy hosts, and more direct studies on functional implications of taxonomic differences in fish gut microbiomes may help elucidate their roles. Studies on the stability of different community types, through nondestructive sampling of individuals, would also help to determine whether any such functional differences are a hallmark of the individual, and perhaps of its genotype, or part of a plastic range of functional signatures that unfold throughout its lifetime. Certainly, human gut microbiomes show a capacity to change over time, with altered abundance of bacterial phyla having important impacts on energy extraction and weight gain Ridaura et al., 2013) .
Non-parallelism of gut microbiota and implications for trophic diversity across animals Variation in gut bacteria has been found within and among animal populations (Cahill, 1990; Benson et al., 2010; Friswell et al., 2010; Linnenbrink et al., 2013) , yet some of the best-cited work in the field of microbiome research has focused on macroevolutionary patterns. Across such a phylogenetic scale, related hosts indeed often harbor similar microbes (see, for example, Jones et al., 2013) , as do those with similar diets (Ley et al., 2008) . Well documented in the mammals and in several insects, specific symbioses related to particular trophic habits are widely argued to reflect the importance of bacteria in host dietary utilization (see, for example, Ley et al., 2008; Russell et al., 2009) . Empirical and metagenomic evidence clearly indicate such an importance (Feldhaar et al., 2007; Douglas, 2009; Muegge et al., 2011) . Hence, are shifts in bacteria essential for shifts in diet or trophic level?
Our findings suggest that the answer is 'no' within the guppy system, as dietary shifts between HP and LP ecotypes have not been preceded or accompanied by consistent changes in microbiome structure or predicted function. Despite dietary differences repeated across streams and years (Bassar et al., 2010; Zandonà et al., 2011) , and differences in gut size and enzymatic activity (Sullam et al., 2014) , gut bacterial communities did not show strong or clear convergence across independently derived LP ecotypes, nor did they show high similarity among the ancestral HP ecotypes from across the targeted streams.
The change in LP guppy gut length, however, is not a drastic structural shift in comparison, for example, to an introduced lizard population's rapid cecal valve evolution with increased plant consumption (Herrel et al., 2008) . Therefore, despite dietary differences in HP and LP guppies, both ecotypes still rely on high intake and fast dietary passage that may hinder the pressure for whole-sale changes in gut communities. A more ancient example of gut microbiota 'resistance' to dietary change includes pandas that show similar gut microbiota compared with their carnivorous relatives in spite of their extensive consumption of foliage (Ley et al., 2008) . Their rapid gut processing of large volumes of plant material (Van Soest, 1994) , rather than slow digestion and extensive fermentation seen for many mammalian herbivores, may have promoted the retention of their 'ancestral' microbiome instead of shifts to canonical fermenting gut communities (see Clements et al., 2014 for a similar discussion of pertinence to herbivorous fish).
Our work on a model system for microevolution in nature suggests that macroevolution of microbiome divergence across trophic levels may occur as part of a gradual process, whereby diet changes first, followed by major changes in gut morphology, physiology and symbiotic communities within only select lineages. The lack of microbiome parallelism in our system may, thus, partially stem from the absence of sufficient concurrent changes in guppy digestion. Of course, our results may also indicate the importance of elements beyond diet in shaping gut microbes in the guppy system. Indeed, not all environmental variables, such as agricultural inputs and flooding conditions, show parallel similarities among habitat types (Fitzpatrick et al., 2014) , raising interesting considerations for future work on guppy gut microbes.
Conclusions
In delineating priority areas for future microbiome research across guppies and beyond, there is a clear need for studies on the genetic and environmental sources of gut community variation to elucidate just when and how we should expect microbiomes to diverge. These efforts should adopt a systems-level approach, interpreting the timing and mode of microbiome shifts in light of the ecological, morphological, physiological and phylogenetic divergence among the hosts. In addition, emphasis on the integration of microbes into host development, immunity and overall defense will be key to understanding both the causes and consequences of gut community variation beyond the realms of diet and life history. Through a better comprehension of the genetic components shaping variable gut communities and their major costs and benefits in an ecological context, we can gain powerful insights into the potential for microbially mediated animal adaptation and its broader impacts on biodiversity.
